Ag ri cu lt ura l Eng in eer i ng w w w . w i r . p t i r . o r g Performance analysis of a 1.0 tonne desiccant evaporative cooling storage structure for mango fruits was studied. The study examined the effects of inlet air conditions and water flow rates through an absorber on the cooling performance of the system. The airflow rate was approximately 0.24 m3·s -1 and water flow rates through the absorber varied from 0 to 0.252 l·s -1 . The system produced approximately 7 kW of cooling at water supply rate of 0.252 l·s -1 . A simple linear correlation was established for condition line slope from inlet to exiting air conditions for all the water flow rates. Lines of best fit resulted in correlation coefficient better than 0.96. The observed temperatures with a direct evaporative cooler, tested with freshly harvested mango fruits were found to be between 15.1°C and 23.4°C and relative humidity between 81.8% and 97.7%. Physiological weight loss and firmness assessments of the fruits were also conducted.
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Introduction
Mango (Mangifera Indica L.) is a very delicious tropical fruit well known for its excellent flavour, attractive fragrance, and nutritional value, and it is usually referred to as the king of fruit (Sivakumar et al., 2011) .
Generally, after harvest of fruits, respiration becomes the dominant metabolic activity. Fruits no longer depend on water and minerals absorbed by roots; conduction by vascular tissues and photosynthesis by leaves but survive independently by utilising substrates accumulated during growth and maturation. They consequently ripen and eventually become senescent. These processes lead to changes in colour, tissue permeability, changes in carbohydrate composition, organic acids and protein composition, softening as a 4result of changes in pectic composition, seed maturation, increased respiration and ethylene production.
Metabolism in mango continues even after harvest, and its deterioration rate increases due to ripening, senescence, and unfavourable environmental factors. Due to the highly perishable nature of the fruit, it has short storage life and therefore needs immediate post harvest attention to reduce the microbial load and increase its shelf life. One probable way of doing this is through cold storage. Cold storage results in low temperature and best relative humidity conditions. Hardenburg et al., 1986 states that cold storage retards the following elements of deterioration in perishable produce: 1. aging due to ripening, softening, and textural and colour changes, 2. undesirable metabolic changes and respiratory heat production, and 3. moisture loss and wilting, spoilage due to invasion by bacteria, fungi, and yeasts.
Cold storage methods that are currently being used for fruits storage in most places, especially in developed countries include room icing, forced-air cooling, contact icing, vacuum cooling and hydro cooling. But, mango farmers in Ghana are mainly poor, and live in remote locations which are arid and semi-arid and have no or little access to grid electricity. In view of this, the farmers cannot use these conventional cold storage methods. In such locations, Dash and Chandra (2003) recommends cooling systems that use evaporative cooling principles. Evaporative cooling involves cooling dry air by blowing it across a wet surface; and the conversion of sensible heat to latent heat is the underlying principle of this concept (Camargo et al., 2005) . Systems designed using this principle have the advantages of low energy consumption, easy maintenance, simple installation and operation, and are environmentally friendly since water and air are the main working fluids.
In Ghana, mango is mostly grown in the savannah and transitional zones which have wet bulb temperatures between 14 and 27ºC; and the average ambient relative humidity vary between 16 and 77% throughout the harvest seasons of May -July and December -February (GMSD, 2005) . However, the theoretical minimum temperature that can be achieved with a very efficient evaporative cooling system is the wet bulb temperature of the location where the system is used. The storage temperature of most mature mango varieties is 10-15°C (Kader et al., 1985) . This means that evaporative cooling alone cannot be used in these locations to achieve the required storage temperature.
In order to address this constraint, Awafo (2017) suggests a combined dehumidification and evaporative cooling storage system. A schematic diagram of the system is shown in Fig The cooling system consists of four main parts, namely; the storage chamber, dehumidifier [using triethylene glycol (TEG) as desiccant], air -toair heat exchanger and evaporative cooler (or saturator). From Figure 2 , for the (b) part, the air stream at state 2 is passed through a desiccant wheel. The moisture of the airstream at this state is partly but significantly adsorbed by the desiccant material and the heat of adsorption elevates its temperature so that a warm and rather dry air stream exits at the state 3. The air stream is then cooled successively in the heat exchanger from state 3 to state 4, and then in an evaporative cooler from state 4 to state 1. At state 1, the air is much cooler and very moist (lower dry bulb temperature and higher relative humidity) and it is then released into the storage chamber containing the mangoes.
This research was therefore designed to analyse the performance of the experimental storage system, and thus the objective of this paper. The performance analysis is focused on evaluation of the various components of the cooling system and the entire combined unit and its suitability for mango storage in the defined locations.
In order to correlate the data obtained with the experimental combined dehumidification and evaporative cooling system, an active evaporative cooler was constructed with local materials and tested with freshly harvested mango fruits. A schematic of the evaporative cooler is shown in Figure 3 .
Figure 3. Schematic Diagram of the Evaporative Cooler
The cooler was made with plywood and reinforced with metal mesh. The three surfaces and the door, as well as the top surface were covered with a thin layer of local jute sack materials as the cooling pad. A water reservoir was placed on top of the structure with a perforated pipe connected to it to allow the water run down over all the four surfaces by gravity. The structure was placed in shade under a tree and exposed to ambient air to allow evaporation.
Materials and Methods

Mathematical models and Design
The experimental investigation that was carried out tested the capabilities of the various components of the combined cooling system. To analyse the performance of each component, the physical phenomena were qualified with mathematical models. These analytical models have been detailed in Awafo and Dzisi (2012) . Also contained in Awafo and Dzisi (2012) is the design of the various components which were assembled as shown in Figure 1 and used for this experimentation.
Instrumentation
Temperature, pressure, humidity, flow rates, and refractive index were required measurements in this study. Properties of TEG were evaluated using the refractive index and temperature. Properties of air were determined using dry and wet bulb temperature measurements and/or dry bulb temperature and relative humidity measurements.
The instruments that were used to measure the required parameters were mounted on the system and connected to a data logger. Humidity measurements were taken in the incoming and exiting air. Dry bulb temperature measurements were taken before and after the dehumidifier, heat exchanger and evaporative cooler. Wet bulb temperatures were taken after the evaporative cooler and on both sides of the heat exchanger. Water and TEG temperatures were taken entering and exiting the dehumidifier unit. Pressure drop readings were taken before and after the dehumidifier, heat exchanger and evaporative cooler.
Experimental Procedures
Combined Dehumidification and Evaporative Cooling System
The following experimental procedure was repeated for every experiment. Initially the concentration of the TEG was determined using the refractive index. If the concentration was 98% ± 2% the experiment was continued. The fan was started to circulate air through the system. The pump to the saturator was turned on and the water flow was adjusted to 0.05 l•s -1 . The water flow through the absorber was set at 0.0, 0.063, 0.126, 0.189 or 0.252. The system was allowed to run until the water temperature in the saturator reached a temperature within 1ºC of the incoming wet bulb temperature of the air. The water entering the absorber was adjusted to this temperature by balancing hot and cold water from the tap until the required water temperature was reached. The system was then allowed to run approximately one and half hours to develop and ensure steady readings.
At this point the data logger was started to record temperatures, pressures and humidity at 5 minutes intervals. After 3 readings without TEG flowing, the TEG pump was started. The TEG was allowed to flow until dehumidification had discontinued. Dehumidification was considered to have reached its limit when the exiting temperature and humidity readings were unchanged for 15 minutes. Total run time of the system was approximately 3 hours. After the system was turned off the TEG was pumped to a regenerator. The regeneration of the TEG usually required three hours of operation. The TEG was then cooled to room temperature for reuse. A total of 41 tests were run and each process took approximately seven hours.
Active Evaporative Cooler
The tests with evaporative cooler were run under constant water flow rate, pad thickness and varied air velocity.
To determine the cooler's performance, tests were conducted on the length of storage of the mango fruits in the cooler before spoilage and its effects on mango fruits in storage compared with those stored under ambient conditions. A control test in which the same product inside the evaporative cooler was exposed to open-air conditions was used to evaluate the cooler effectiveness in preservation of the green mango fruits.
Results
This section details the performance characteristics of the evaporative cooling unit, heat exchanger and dehumidifier followed by the performance of the combined system. Data was collected using these inlet conditions: dry bulb temperatures of 20.0°C to 36.0°C, wet bulb temperatures of 14.0°C to 25.0°C and a water flow rate range of 0.0 to 0.252 l·s -1 .
Saturator
The saturator was the first piece of equipment constructed and the entire system was designed around the saturator's performance. The saturator was designed to handle a maximum airflow of 0.472 m 3 ·s -1 at saturation efficiency greater than 95%. The final design varies from the original design only in the number of water distribution tubes used in the header.
The original design of the saturator was first tested in a wind tunnel to establish operating parameters. In the original design the distribution header had five cross tubes to distribute the water. It was found that only the two distribution tubes furthest upstream were necessary to obtain maximum performance. The extra tubes would distribute water too far downstream, on the media, and cause water carry over. Figure 4 demonstrates an assumed water flow through the media.
Figure 4. Water Flow Through the Saturator Media due to Injector Locations
The data collected indicates a saturation efficiency of 99% for the saturator. The expected uncertainty was ± 5% in this calculation. These performance characteristics were maintained with a water flow rate of 0.05 l·s -1 and a maximum phase velocity of 2.26 m·s -1 , over the various inlet conditions. A maximum water flow rate that could flow through the saturator was 0.126 l·s -1 with air face velocity of 1.13 m·s -1 or less. Higher air face velocities than those indicated caused water carry over into the air stream.
The water requirements of the saturator come from evaporation and necessary bleed off. The water loss through evaporation is dependent on the amount of humidification possible. For a relative humidity range of 40% to 60% the water requirements from evaporation would be 0.413 g·s -1 to 0.826 g·s -1 or 1115 l·year -1 to 2230 l·year -1 .
The pressure drop across the saturator was found to be approximately 0.51 cm of H2O at 0.236 m 3 ·s -1 airflow and 1.2 cm H2O at 0.472 m 3 ·s -1 airflow.
Heat Exchanger
The heat exchanger was first tested for cross over contamination before operation. Appendix E shows results of cross over contamination tests. The air pressure of 5.8 cm of H2O was applied to one side of the crossflow heat exchanger. It was determined from the tests that 0.0014 m 3 ·s -1 would crossover into the next pathway under this pressure difference. Under experimental tests the largest pressure difference between the heat exchanger flow paths is less than 1.3 cm H2O. Therefore, contamination is negligible even if the 0.0014 m 3 ·s -1 crossed over since it is less than 1% of the total flow.
The heat exchanger performance was rated by its effectiveness. For balanced mass flow rates between the flow paths and a volume flow rate of 0.236 m 3 ·s -1 , the heat exchanger had an average effectiveness of 0.81 ± 11.6%. The ± 11.6% possible error indicates sensitivity of the effectiveness calculations. The effectiveness versus the mass flow rate could not be accurately graphed due to this sensitivity. The heat exchanger performance approached 94.4% for the various tests when the difference in the mass flow rates approached 30%.
The pressure drop through a flow path in the heat exchanger is approximately 0.91 cm of H2O at 0.236 m 3 ·s -1 and 2.2 cm H2O at 0.472 m 3 ·s -1 of air.
Dehumidifier
The dehumidifier (absorber) performance was dependent on the air inlet conditions and the water flow rate. The air process that took place in the dehumidifier was influenced by the varying inlet conditions. Figure 5 shows the general effect of water flow in the absorber on the condition line slope for a single inlet condition. The condition line between the inlet state A and the exit state B, C, D or E represents the possible overall processes that occur in the absorber. For the case of 0.0 l·s -1 of water flow rate, process A to B, the condition line slope was slightly higher than a line of constant Twb in the completed experiments.
Figure 5. Condition Line Slope and Lines of Constant h/W
Theoretically the condition line should follow a line of the constant wet bulb temperature for the dehumidification process. If a layer of TEG does not come in contact with the air it will only pick up heat conducted into it from the TEG layer reacting with the air. The cooling that takes place shifts the condition line below the line of constant inlet air Twb. Process A to C was caused by a higher water flow rate at Twb of the inlet air than process A to B. For the water flow rates tested, as the water flow increased the condition line slope increased.
The effectiveness of dehumidification was used to estimate the performance of the absorber.
The Active Evaporative Cooler
The transient responses of the evaporative cooler with mango fruits stored in it are presented in Figure 6 . The graph shows variations of the temperature and relative humidity of the cooler chamber and ambient air with the time of day. These results represent the series of tests undertaken for different times of the day during the 12 days of experimentation.
Figure 6. Performance of the Evaporative Cooler
It can be seen from Figure 6 that the cooler chamber temperatures measured were always consistently lower than the ambient air temperatures, with depressions varying over 5.0-3.0°C. The results also showed better performance of the cooler between 13 and 18 hours with temperature depressions between 6 and 12°C most of the time. The diurnal ambient relative humidity levels below 50% at these hottest times of the day, consistent with the literature, are well within the levels necessary to facilitate effective evaporative cooling. The ambient relative humidity profile during tests was very irregular, and this is largely attributable to the prevailing varying wind speeds. It was seen that high ambient air temperatures corresponded to low relative humidity and vice versa.
Discussion
Overall system performance Typical system processes can be seen in Figure 7 (state points a, b, c, d and e ). State b is the result of adiabatic saturation of inlet state a. State d is created by the heat exchange between states a and b. State e is the result of dehumidification and cooling of state d. Figure 8 shows the cooling performances of the system, which were constructed by linearly interpolating between the tested inlet and exit conditions to points with properties corresponding to h/W=4.5 kJ·kg -1 , 5 kJ·kg -1 and 5.5 kJ·kg -1 . The inlet conditions along h/W=4.5 kJ·kg -1 produce higher cooling outputs than does inlet conditions along h/W=5.5 kJ·kg -1 .
Figure 8. Effect of Dry Bulb Temperature on Cooling Performance for 0.252 l·s -1 Water Flow through the Absorber
Condition lines from the inlet state to the exit state, for the overall system are illustrated in Figure 9 . These lines of the best fit were established by the least squares fit, which resulted in the correlation coefficient, 2 , better than 0.96.
The estimated COP of the system ranged from 0.022 at 0.0 l·s -1 to 1.29 at 0.252 l·s -1 water flow at airflow of 0.236 m 3 ·s -1 .
Overall Cooler Performance and Effects on Mango Quality
Quality assessment of the mango fruits stored inside the cooler compared to those stored under ambient conditions was also carried out. This quality assessment based on the AOAC (1984) methods, were changes in firmness and physiological weight loss.
Fruit Firmness Changes
The results for the mango fruit firmness change stored under both the evaporative cooler and ambient conditions are presented in Figure 10 . Fruit firmness changes were observed more under ambient conditions, especially after day 3. Fruit firmness change is a biochemical change, which occurs during the ripening process. Generally, fruit ripening is accelerated at high temperatures (Wills et al., 1981) . This explains the significant change in fruit firmness for the fruits stored under ambient conditions, which is at higher temperatures than those of the evaporative cooler.
Figure 10. Firmness of Fruits Stored in the Cooler Compared to those Stored under Ambient Conditions Physiological Weight Loss of Stored Mango Fruits
The results of the physiological weight loss for the mango fruits stored under both ambient condition and in the evaporative cooler are presented in Figure 11 . The fruits stored in the evaporative cooler had lower physiological weight loss compared to those stored in the ambient conditions. The trend in the physiological weight loss in the cooler was similar for all the produce without any sharp increase in the percentage weight loss. Under ambient conditions, the produce showed a sharp increase in the weight loss after 3 days of storage compared to those stored in the evaporative cooler.
Physiological loss in weight of the fruits is due to both evaporation of water and respiratory losses. Evaporation of water from the produce and the respiratory losses are dependent on the temperature and relative humidity of the air surrounding the produce. Low temperature reduces the respiratory activity and high relative humidity reduces the rate of evaporation from the produce. The slight losses in weight of the fruit recorded in the evaporative cooler with the average storage condition of 18ºC and 92.8% temperature and relative humidity, respectively could therefore be attributed to the low temperature and high relative humidity in the evaporative cooler.
High loss in weight for the ambient storage could also be attributed to the high temperature and low relative humidity, averaging 28ºC and 29.5% respectively. The average differences in dry bulb temperature between ambient and inside the cooler was 10ºC, with the average difference in relative humidity of 63.3% during the 12 days of storage.
Conclusion
The saturator proved to provide high saturation efficiencies from 80-100% with low blower requirements of approximately 1.2 cm H2O at 0.472 m 3 ·s -1 . The saturation unit is easy to operate and the material costs for construction are minimal. Although, it is efficient and cheap to build, water requirements range from 1115 l·year -1 to 2230 l·year -1 . Also, the water may require regular replacement or treatment to allow long term usage of the equipment.
The air-to-air heat exchanger operated at approximately 80% efficiency. The heat exchanger was dimensionally larger than the saturator to accommodate the airflow and maintain heat exchange efficiency. The blower requirements were maintained at a relatively low value of 2.2 cm H2O at 0.472 m 3 ·s -1 airflow.
The combination of the saturator and heat exchanger was used to eliminate the primary sensible and latent loads in the storage structure. Air at 30°C dry bulb and 23°C wet bulb, can be cooled to below 12°C dry bulb in the storage structure while maintaining the humidity ratio.
The absorber effectiveness ranged from 44.4% to 96% depending on the inlet air condition. The absorber represented the largest power requirements of all the components. The blower requirements were 8.9 cm H2O at 0.236 m 3 ·s -1 airflow. It also requires a TEG sprayer pump and a cooling tower pump. The absorber cooling tower size requirements for 0.126 l·s -1 water flow is the same size as the saturator.
Triethylene glycol operated effectively in dehumidifying the air. The main TEG loss came through leaks in the pump system. Although not shown, another possible loss comes from TEG being carried out with the air stream.
A computer simulation programme was written using FORTRAN codes. The programme was used to evaluate the required volume of the cooling tower of the saturator and, it also accurately determined the air temperatures and conditions at the various states and water temperatures. Three key assumptions were made in solving the model with the simulation programme, namely; no heat transfer through the walls, no water loss by drift and steady flow conditions. The accuracy of the programme depended on the size of the incremental changes in the air state when arbitrarily locating state two.
For the active evaporative cooler, the tests were conducted under the constant water flow rate of 0.236 m 3 ·s -1 , pad thickness of 5 mm made from jute sacks and varied air velocity. The storage using evaporative cooling maintained temperatures between 15.1°C and 23.4°C nd relative humidity between 81.8% and 97.7% compared with temperatures varying from 21 -36.1°C and relative humidity of 12.5-47.5% for ambient conditions, respectively, during storage periods under savannah harmattan conditions. The temperature and relative humidity observed in the cooler correlate well with the performance of the combined dehumidification evaporative cooling unit, which had the capacity to reduce cooling in the structure to 12°C.
The achieved storage temperature greatly influenced the postharvest quality parameters monitored, namely physiological weight loss and firmness change, which significantly improved the shelf life of the mango fruits and no visible damage to the mango fruits up to the 12 th day.
